We describe mixing on the basis of the radon distribution in Catalina Harbor, a small embayment on the southwest side of Catalina Island, California. During June 1998, there was a 2-3-m-thick warm surface layer in the inner harbor, underlain by cooler water. A radon budget for this system was constructed with the objective of evaluating boundary fluxes and developing a box model to describe mixing and transport into and within the harbor waters. Benthic inputs were evaluated with in situ benthic flux chambers. Loss via decay and gas evasion was characterized by surveys of radon concentration in the water column. Closure of the budget required another large radon source, which was assumed to be tidal pumping of seawater through beach sands. The budget indicates that inputs were primarily attributable to benthic input (55%) and tidal pumping (38%). Losses were due to evasion to the atmosphere (29%), radioactive decay (35%), and mixing to the open ocean (36%). The average upwelling velocity into surface water was 0.73 m d 21 . Horizontal mixing was parameterized as an eddy diffusion, calculated to be 0.54 6 0.19 m 2 s 21 , which was consistent with mixing predictions on the basis of scaling arguments.
The flushing of small harbors is often of concern, as their waters can be receptacles for waste discharged by boats and other activities. Catalina Harbor, California, is of interest because concerns have arisen about the potential effect of discharges from private boats and several fish stock pens that are currently in use for raising sea bass to stock West Coast fisheries. Sound management policies need to be based on a firm understanding of the sources and fates of nutrients and pollution within the harbor and require knowledge of the mixing regime.
Water column mixing between coastal embayments and harbors with limited communication with open ocean waters are dominated by complicated local effects such as shallow bathymetry, winds, and tides. Physical models of water mixing in harbors require extensive data sets, expensive current meters for ground truthing, and extensive computer processing capabilities. In addition, these models can only predict the bulk transport of water. The transport of dissolved matter, such as nutrients and pollutants, will depend on rates of dispersion that cannot be obtained from a physical mixing model. To obtain these rates, studies that apply a tracer, such as 222 Rn (radon), are needed.
Radon is a naturally occurring radioisotope that is an intermediate in the 238 U decay series. It has a 3.8-d half-life and is formed by decay of its long-lived radium parent, 226 Ra (1,600-yr half-life). Radium is an element of relatively low solubility and is concentrated in or on the surfaces of solids, although some radium is dissolved in seawater. As a result, sediments are a strong source of radon. Radon is a noble gas and behaves conservatively in the sediments. Radon can be used as a tracer for the exchange of dissolved substances across the sediment-water interface (Broecker 1965) . As radon is produced, it migrates by molecular diffusion from its source and is also transported by irrigation of burrows by infauna (Hammond and Fuller 1979) , fresh groundwater flow (Cable et al. 1996) , and physical flow through sediments driven by wave motion or tidal pumping as sea level rises and falls (Colbert et al. 2008) . These processes generate radon concentration gradients above the seafloor that can be used to compute vertical mixing rates (Broecker et al. 1968; Berelson et al. 1982) . When water containing radon is exposed to the atmosphere, radon can exchange across the interface, and in favorable settings it can be used as a tracer to estimate the exchange rate of dissolved gases across the air-water interface (Broecker and Peng 1971; Smethie et al. 1985) .
In this paper, the radon distribution and thermal structure of a small, natural harbor are presented. Then, two different methods are applied to measure the benthic flux of radon to the water column. With these data, a mass balance computed for the head of the harbor reveals that an additional source of radon, presumably tidal pumping of seawater through beach sands, is required to balance the budget. Finally, a multibox model for Catalina Harbor is constructed to compute the upwelling and horizontal mixing rates.
35 km southwest of Los Angeles (Fig. 1) . At the head of the harbor is the narrowest part of the island, approximately 1 km wide, where the small town of Two Harbors caters to sailors arriving at either side of the isthmus. The axis of the harbor is oriented northeast-southwest, and the harbor is surrounded by topographic highs on either side that provide some shelter from the wind. The bathymetry along these sides drops off quickly, and the shoreline is primarily rocky with some sandy areas. At the head of the harbor, the bathymetry shoals to a broad, shallow (,2 m) region that is surrounded by a sandy beach and a gentle plain. During the study period, tides were mixed and had an average range of 1.1 m.
The shallow parts of the harbor range from sandy to rocky. In areas deeper than 3-4 m, sediments become silty sands and were often covered with a veneer of silts, which were easily resuspended and make it difficult for divers to observe the bottom. Despite the limited visibility, holes in the sediment surface suggest the presence of benthic fauna.
The climate is Mediterranean, with mild temperatures buffered by the cool seawater. The weather during the study was typical for the summer months: fog at night that burns off in the morning, with steady winds blowing toward the head of the harbor throughout the afternoon. There are no surface freshwater sources to the harbor during the dry summer months.
Methods
Hydrographic study-A series of stations were defined within the harbor (Table 1) , with closer station spacing at the head of the harbor where the bathymetry changes rapidly (Fig. 1) . The water depth at the stations ranged from 0.9 m to 67 m. Several surveys of dissolved oxygen, temperature, and salinity were taken using hand-held probes (Yellow Springs Instruments) to try to define the hydrographic characteristics. The accuracy of the probes was 60.1uC for temperature, 60.1 for salinity, and 65% for oxygen.
Radon analysis-For water column samples, about 20 liters of water were collected by drawing water into Fig. 1 . Map of Catalina Harbor, California. Eight lettered stations that were occupied during this experiment are shown. Solid lines across the harbor demarcate boxes used for the radon mass balance. The star at the head of the harbor identifies the location of the tidal pumping experiment discussed in an accompanying paper (Colbert et al. 2008) . Inset shows a regional map of Los Angeles, California, and Santa Catalina Island. evacuated bottles. Surface water samples were collected by lowering a hose to about 0.5 m depth; deeper waters were collected by using a small pump to draw water from depth and take a split of the flow into a radon bottle. No bubbles were observed in the flow lines during sampling. These samples were analyzed following the procedure outlined by Mathieu et al. (1988) . All radon concentrations were calculated after accounting for decay that occurred between sample collection and when it was analyzed.
Sediment core-One sediment push core was collected by a diver near Sta. B in 3 m of water. Numerous small burrows could be seen in the upper few centimeters, with small worms crawling about. At 10-to 15-cm depth, the core appeared to have a cavity that could be a burrow, but it was not clear whether it was in communication with the overlying water. Upon returning to the laboratory, the core was sectioned and the muds were placed in incubation jars. The muds were analyzed for radon, stored for 5 d, and reanalyzed to measure the radon emanation rate. Splits of the mud were also collected and weighed to assess the porosity of each section.
Radon emanation analysis-The sediment radon emanation rate (E) was measured using a slurry technique (Hammond and Fuller 1979; Key et al. 1979; Mathieu et al. 1988) . Similarly, radon production in the water column was assessed by stripping the radon out of 20 liters of water, and allowing the radon to grow back into equilibrium. The radon emanation from solids was calculated after accounting for disequilibrium between radon ingrowth and secular equilibrium. For each sample, emanation measurements were repeated until the standard deviation in this parameter was less than 5%. The slurry technique has been shown to overestimate the radon emanation rate by 10% to 20% (Key et al. 1979; Smethie et al. 1981) , and has been attributed to differences in porosity between the slurry and in situ (Hammond and Fuller 1979) . For sands, the slurry does not significantly alter the porosity relative to in situ conditions, so the slurry effect was assumed to be negligible.
Diffusive sediment radon flux-The equilibrium radon concentration was calculated as lC ' 5(1 2 Q)rE, where l is the radon decay constant (1.26 3 10 24 min 21 ), Q is the porosity, and r is the sediment density, assumed to be 2.6 g cm 23 . The diffusive flux from the sediments was estimated as:
where lC ' and lC 0 are, respectively, the equilibrium and interface radon activity concentrations in bulk sediment. The effective diffusivity, D, was computed by taking the molecular diffusivity at 18uC and salinity of 34 (Jä hne et al. 1987 ) and adjusting for tortuosity as Q 2 (Ullman and Aller 1982) . A porosity of 0.66 for the top interval indicates D 5 4.6 3 10 26 cm 2 s 21 .
Benthic flux chambers-Five benthic flux chambers were deployed by divers for 1-d periods to measure the radon flux. Flux chamber deployments followed the methods outlined by Berelson (1986) . Flux chambers had a footprint of 730 cm 2 , and were continuously mixed with a rotating paddle. Chambers were sampled with two 140-mL syringes at the beginning and end of each deployment. Water from the first syringe was filtered (60 mL through 0.4 mm) and the remainder was transferred with minimal gas contact into a syringe barrel with no plunger (filling from the bottom). An oxygen probe was inserted and oxygen concentration relative to saturated surface water was measured. Initial oxygen concentrations were assumed to be near saturation, and oxygen fluxes were calculated by:
where subscripts t and i denote the final and initial oxygen concentration (mmol L 21 ), h is the chamber height (m), and t is the deployment time (s). The water in the second syringe was used to slowly fill a glass bulb, with minimal contact with air. This sample was subsequently analyzed with the rapid radon extraction system (Berelson et al. 1987) . Radon fluxes were calculated as:
J sed is the radon flux in units of atoms s 21 m 22 , lC is radon activity concentration (dpm m 23 ) with subscripts i and t noting initial and final concentrations, respectively, P is dissolved 226 Ra activity concentration (disintegrations per minute [dpm] m 23 ), which is further defined below, and the factor 60 is a unit conversion (min s 21 ).
Observations
Stratification-Several surveys of dissolved oxygen, temperature, and salinity were taken in Catalina Harbor to try to define the hydrographic characteristics. Dissolved oxygen was within 10% of saturation at all sites studied. Salinity was only measured on the final day of field observations (16 June 1998) and in many of the discrete radon samples. These results showed uniform values within the resolution of the salinometer. Temperature showed a few degrees of variation, ranging from a maximum of 20.0uC near the head of the Harbor to 15.8uC at 20 m depth at Sta. G. There appears to be a persistent layer of warmer water 2 to 3 m thick that sits in the shoal area at the head of the harbor and mixes or flows horizontally seaward, toward the open ocean (Fig. 2) . It also appears that cooler waters upwell a bit, as isotherms consistently rose slightly near the head of the harbor.
Water column radon-Radon was measured at each station, with vertical profiles made at the deeper stations (Table 2) . Repeated sampling over the week of fieldwork showed that radon distributions at stations removed from large concentration gradients had less than 20% variation. Plotting the average concentration at each depth, we have assumed that the cross-section shown in Fig. 3 represents an average, steady-state distribution. Although the sampling density was much smaller, the radon distribution has similarities to the temperature field, with highest concentrations in the shallow water indicating a strong local source, and removal of radon due to gas exchange, horizontal mixing, and radioactive decay as it migrates toward the open ocean. At the seaward end (Sta. G), the first sampling period showed an anomalously high concentration with a corresponding warm temperature, but the source of this radon is unidentified. Presumably it reflected a transient outflow from another cove.
In situ benthic fluxes-Benthic flux chambers were deployed at two stations. Calculated fluxes for both oxygen and radon are given in Table 3 . Attempts were also made to use these chambers to quantify advective flow through these sediments. Two of the three chambers (Blues and Rock) were designed to be seep meters, with a flexible water-filled bag that would deform if water flowed into (or out of) a sealed chamber. Changes in bag volume observed were +70 and 270 mL in each chamber during a 1-d deployment near Sta. B, so no significant fresh groundwater flow was observed. The third chamber (Jazz) had a small conduit to allow inflow or escape of water from the chamber during deployment; during the first deployment near Sta. B, there was some indication of elevated radon in a glass tube attached to the outlet, suggesting the possibility of outflow from the chamber. A redeployment of this chamber in 1 m depth near Sta. A showed elevated radon, again suggesting outflow from the chamber. Salinity in the chamber was also slightly elevated, consistent with a discharge of water from the beach, which had higher salinities (Colbert et al. 2008) . Additional experiments with this type of seepage chamber deployed in shallow water produced inconsistent results (Berelson unpubl. data) .
Diffusive flux-The radon emanation of solids was measured in one sediment core collected at Sta. B (Table 4) . The decrease in radon emanation with depth was undoubtedly due to the presence of finer-grained sediments near the core top. Using these data, the diffusive radon flux from sediments was 27 atoms m 22 s 21 . This is less than half of the observed in situ fluxes and indicates that significant irrigation or other mechanisms enhance the radon flux from sediments.
The mixing model A multibox mixing model was developed to describe water exchange in Catalina Harbor (Fig. 4) . The choice of box dimensions was based on the harbor geometry. Box boundaries are shorelines and demarcations shown on Fig. 1 , and dimensions were determined from navigation charts (Table 5 ). All boxes have some area in contact with the sediments.
For each box, a steady-state mass balance equation for radon was written:
The terms on the left-hand side of the equation are inputs. The in situ production flux is the product of the 226 Ra activity and the volume of the box: J Prod 5 V ij P. The radon production rate was defined as 1.66 6 0.17 atoms s 21 m 23 , on the basis of measurements made in the San Pedro Channel. The average benthic flux as calculated from the flux chamber measurements (Table 3) is multiplied by the sediment area to compute the flux from the sediments: J Benth 5 J sed A sed . This benthic input included molecular diffusion, irrigation, and possibly other mechanisms captured during the flux chamber deployments. Filling and draining the beach on a tidal cycle, tidal pumping (J TP ), was identified as an additional source of radon (see next section) and independently verified in a separate study (Colbert et al. 2008) . Submarine groundwater discharge of fresh, meteoric water was initially discounted because of a lack of rainfall and the small size of the watershed. The lack of consistent seepage meter data also supports that fresh groundwater discharge is small. Further, no freshwater was found in the beach at the head of the harbor (Colbert et al. 2008 ). On the right-hand side of Eq. 4, the first two fluxes are loss terms for radon. Radioactive decay is equal to the radon activity in a box: J Decay 5 V ij C ij . Radon gas exchange is characterized by the contrast between surface water ( j 5 1) radon concentrations and that calculated for water in equilibrium with a gas phase:
The atmospheric concentration lC a was measured (69 6 4 dpm m 23 ) and the rate of gas exchange was defined as a piston velocity, k. During this study, a piston velocity of 1.5 m d 21 was measured 10 km east of Catalina Harbor, near the center of San Pedro Channel (unpubl. data). However, Catalina Harbor is sheltered by surrounding topography, and we estimated that at the lower wind speeds and fetches, the piston velocity might be approximately 0.5 6 0.2 m d 21 , on the basis of a compilation of Clark and coworkers (1994) . The last two terms on the right-hand side of Eq. 4 are for horizontal mixing (J HM ) and advective transport (J Ad ). A schematic drawing of the mixing between boxes is shown in 
where A is the contact area between boxes demarcated by subscripts ij, X is the separation of box midpoints, and K h is the horizontal eddy diffusivity. To assess the average mixing rates, horizontal diffusivity was assumed identical between all boxes. On the basis of the temperature profiles, upwelling appears to occur near the head of the harbor. Upwelling was simulated in the model as an advection of water, and was assumed to dominate over vertical diffusion. The advective flux out of a box is defined as:
where Q ij2i9j9 (m 3 s 21 ) is the advective flux of water from box ij into box i9j9. The input flux to the adjacent box is 2J Ad,ij . To conserve mass, the advective flux of water upwelled must be balanced by an onshore flow of water at depth and an offshore flow of water at the surface (Fig. 4) :
By this formulation, all of the water that upwells passes through box 32 and box 31.
Tidal pumping-The magnitude of the radon inputs and outputs was assessed by examining the mass balance for the head of the harbor (box 11). An estimate of the mixing can be made on the basis of the average flow of the tidal prism:
where H is the average tidal range (1.1 m), A Surf,i1 is the box upper surface area, and t is the tidal period. For box 11, the maximum tidal exchange flux is 0.9 m 3 s 21 . When this value is used to calculate the mass balance for the head of the harbor, an additional source of radon is required. Simplifying Eq. 4, since there is no vertical mixing and horizontal mixing with only one box, the additional flux is: 
where the radon fluxes required to compute these terms were presented above. With this formulation, the additional flux into box 11 is about 7 3 10 6 atom s 21 . This additional radon was presumably from tidal pumping (J TP ), Table 4 . Radon emanation rate and calculated radon production rate in a sediment core collected at Sta. B. Radon emanation rate uncertainty is 1 SD on the basis of counting statistics. Radon production rate uncertainty is calculated by the propagation of errors. Table 5 . the circulation of water through beach sediments with the rise and fall of the tides. The tidal pumping flux into each surface box was the product of the length of shoreline and the normalized input flux calculated for box 11, J TP,ij 5 J SL L ij . For the model, mixing out of box 11, and thus the tidal pumping flux, was left as an independent variable. A comparison between the model-derived mixing rate and the tidal mixing rate is discussed in the next section.
Model results-The model was fit to the observed radon distribution by tuning four independent variables: K h , Q 31241 , Q 32231 , and Q 42232 . The best fit of the model to the data was computed by minimizing the following function:
where the numerator is the sum of all the fluxes for box ij and the denominator is the sum of only the losses (losses by mixing and advection, radioactive decay, and evasion). For the total model, inputs and outputs were balanced to within 0.02%, well within the uncertainty of the individual measurements (Table 6 ). The best fit to the model was with a horizontal mixing rate of 0.54 6 0.19 m 2 s 21 and an upwelling flux of water was 1.5 6 0.7 m 3 s 21 . The model sensitivity to the mixing rate and the total flux of water upwelled was assessed by varying these values and calculating the cost function y. For this analysis, the fractions of water upwelled into and out of box 31 (Q 42232 and Q 32231 ) were held constant. The uncertainty on K h and Q 31241 was assigned assuming that a doubling of the cost function y was equivalent to 1 SD. The model was not very sensitive to the upwelling flux, with the cost function increasing slowly beyond 1 SD. The model was more sensitive to the mixing rate. At low values of K h , the cost function increased rapidly. At higher values of K h , the cost function steadily increased.
The model-derived J TP was 5,200 6 1,900 atoms s 21 (m shoreline) 21 . This estimate is consistent with direct measurements of the J TP (4,000 6 1,500 atom s 21 [m shoreline] 21 ) made during a later study at Catalina Harbor (Colbert et al. 2008) . The agreement of mass balance estimate of J TP with observations gives us greater confidence that the mixing rate and piston velocity are correct. This also suggests that other sources of radon, including sediment resuspension, physical pumping of water through sediments by currents interacting with seafloor topography, and fresh groundwater inputs, were negligible. For surface boxes, tidal pumping accounts for more than 50% of the radon input (Table 6 ). Benthic inputs were the other primary source of radon. In situ production was only a minor component. For box 11, about half the radon was lost by evasion to the atmosphere, and the remaining half was divided equally between mixing and radioactive decay.
The best fit to the model was with a mixing rate of 0.54 6 0.19 m 2 s 21 . Using Eq. 9, the horizontal exchange rate (Q ij ) was calculated from K h . Horizontal exchange increased offshore as the surface area between boxes increased, from 0.4 m 3 s 21 between boxes 11 and 21 to 2.0 m 3 s 21 between boxes 33 and 43. For box 11, the tidal exchange flux (0.9 m 3 s 21 ) was more than twice the exchange on the basis of the K h estimate, suggesting that a significant fraction of the water that flushes out of box 11 on the ebb tide was returned on the flood tide. The mixing rate can also be compared with Okubo's (1976) empirical relationship between K h and scale. For length scales of 200 m (harbor width) to 450 m (station spacing), K h should fall in the range of 0.6 to 1.5 m 2 s 21 . Given the uncertainty in the measurement, it appears that eddy diffusion in this system can be accurately characterized by its length scale. The model-derived upwelling flux of water was 1.5 6 0.7 m 3 s 21 . This generated a seaward horizontal advection of about 200 m d 21 out of box 31. About 21% of the water upwelled into box 21, and the rest upwelled into box 31. The upwelling velocities into box 21 and box 31 (the flux divided by the box surface area) were remarkably similar and averaged 0.73 m d 21 . This suggests that similar results would have been derived if the model was formulated with only three independent variables: K h , the upwelling velocity, and the upwelling flux into box 32. At this rate, box 21 was flushed with upwelling seawater every 5.6 d, and box 31 was flushed every 3 d. Including advection from box 21, the flushing time for box 31 is further reduced. From a management point of view, potential sources of pollution should be placed in box 31, where they will be flushed out of the harbor relatively quickly. Pollutants that enter into box 21 will be retained in the harbor for a longer period and have a better chance of mixing toward the beach at the head of the harbor.
The model predicted that there was no upwelling between box 33 and box 32, which violates the assumption that vertical mixing is negligible. The model also predicted that there was no onshore flow at the bottom of the water column from box 43 to box 33. But the temperature profiles suggest an onshore flow of cold, deep water near the seafloor that extends past Sta. C. These differences between the model and observations suggest that the single measurement used to characterize the concentration in box 33 was not representative of the average concentration. A lower concentration in box 33 would have been consistent with an onshore advection of deep seawater at depth and upwelling into box 32.
To summarize, two primary sources of radon were identified in Catalina Harbor. First, benthic inputs were measured and found to be enhanced relative to molecular diffusion by irrigation. Second, on the basis of a mass balance for radon, tidal pumping of water through shoreline sediments was also identified as an important source. At the head of Catalina Harbor, tidal pumping accounted for 54% of the total input of radon. The mass balance was also used to constrain the radon losses. Boxes at the surface lost a significant amount of radon to the atmosphere, but for other boxes that have a greater mean depth or are isolated from the atmosphere, decay was much more important. Upwelling was identified on the basis of the thermal structure, and model-derived upwelling rates were 0.73 m d 21 across most of the harbor. The exchange coefficients defined by the radon simulation are consistent with those predicted on the basis of scaling arguments and can now be used to estimate mixing and transport of nutrients and contaminants in Catalina Harbor.
